description of the development of widened lateral line canals in a teleost, and demonstrated that: 23 1) canal neuromast number and the pattern of canal morphogenesis are conserved among species 24 with different adult canal morphologies, 2) heterochrony ("dissociated heterochrony" in 25 particular) can explain the evolution of widened canals and variation in morphology between 26 canals in a species with respect to canal diameter and neuromast size, and 3) the morphology of 27 the lateral line canals and the dermal bones in which they are found (e.g., the mandibular canal 28 
INTRODUCTION

38
The mechanosensory lateral line system of fishes detects unidirectional and low frequency 39 oscillatory water flows and plays critical roles in prey detection and other behaviors (reviewed in 40 Webb, et al., 2008) . Directionally sensitive neuromast receptor organs are distributed on the skin 41 (superficial neuromasts) as well as in canals (canal neuromasts) on the head, trunk and tail. The 42 cranial lateral line canals, which are integrated into a conserved subset of the dermatocranial 43 elements of bony fishes, demonstrate well-defined morphological variation among bony fishes 44 and among teleosts in particular (narrow, widened, reduced and branched canals; Webb, 1989b) . 45 Narrow canals, the most common of the four canal morphologies, are well-ossified with small 46 pores that connect the fluid within the canal with the outside environment. In contrast, widened 47 canals have evolved convergently in only about a dozen families of typically benthic or deep-48 water marine and freshwater teleosts. Widened canals are larger in diameter than narrow canals, 49 may cover much of the head, and typically contain large neuromasts. The canal roof is weakly 50 ossified and dominated by large bony canal pores, which are covered by an epithelium that is 51 pierced by very small "epithelial pores" that provide the connection between the fluid within the 52 canal and the external environment. Narrow and widened cranial lateral line canals have been 53
shown to be functionally distinct (Webb, et al., 2008; Denton and Gray, 1988, 1989) and it has 54 been suggested that the evolution of canal morphology among teleosts is the result of 55 heterochrony, or evolutionary changes in developmental timing (Webb 1989a ). The study of 56 closely related species with narrow and widened canals provide an interesting context for the 57 integrative study of the adaptive evolution of the lateral line system, but it requires detailed 58 analyses of lateral line development.
(increase in size, change in shape) revealing distinctions between presumptive canal neuromasts 66
(those that will eventually become enclosed in canals) from other superficial neuromasts (that 67 will remain on the skin; e.g., Webb and Shirey, 2003) . Finally, in late stage larvae, 68 morphogenesis of the lateral line canals is initiated around individual canal neuromasts to 69 initially form tubular canal segments, a process that occurs in four stages (Webb and Shirey, 70 2003; Tarby and : Stage I -neuromast differentiates in the epithelium, Stage II -71 neuromast sinks into an epithelial depression and then canal walls emerge from the dermal bone 72 below the neuromast and ossify, Stage III -epithelium encloses the neuromast forming a canal 73 segment, and Stage IV -ossified canal walls meet over the neuromast forming the ossified canal 74 roof. As they are forming, canal segments are increasing in diameter (Tarby and 75 Moore and Webb, 2008) . Adjacent segments are also growing towards one another and fuse 76 leaving a common pore between them (e.g., Allis, 1889), thus accounting for the alternating 77 positions of neuromasts and pores along the length of the cranial canals in most bony fishes 78 (Webb and Northcutt, 1997) . 79
The hypothesis that heterochrony can explain phenotypic evolution in the lateral line system 80 of bony fishes has been posed (Webb, 1989b; Webb, 1990 ), but not explicitly tested. The 81 evolution of reduced and branched cranial lateral line canals from narrow canals has beenhypothesized to be the result of the simple truncation/deceleration (paedomorphic trend) or 83 extension/acceleration (peramorphic trend) of canal morphogenesis, respectively (Webb, 1989b) . 84
In contrast, the evolution of widened canals appears to be the result of "dissociated 85 heterochrony", defined as a mixture of the evolution of peramorphic and paedomorphic features 86 (McNamara, 1997). For instance, the larger neuromasts and larger diameters that characterize 87 widened canals (reviewed in Webb, 2013 ) are hypothesized to be peramorphic features, while 88 the reduction in canal ossification that results in the large canal pores bounded by bony bridges 89
(as opposed to a solid canal roof pierced by small pores) of widened canals are hypothesized to 90 be a paedomorphic feature. The mechanisms underlying observed heterochronic change likely 91 include changes in osteoblast and osteoclast activity that alter the timing and/or pattern of 92 ossification of the canals, and/or changes in rates of hair cell differentiation from support cells 93 that result in differences in the size and shape of hair cell populations, and thus neuromast 94 morphology. Changes in gene expression and/or the action of gene products involved in these 95 processes could explain differences in adult canal and neuromast morphology. Such differences 96 are hypothesized to occur via heterochrony, but alternatively, changes in gene expression (or 97 action of gene products) could cause dramatic morphological differences in early larvae followed 98 by isometric increases in canal diameter and neuromast size relative to fish size. 99
Any study of the developmental basis for evolutionary change in phenotype requires the 100 availability of complete ontogenetic series from closely related species that have the phenotypes 101 of interest. The study of the development of widened lateral line canals, in particular, has been 102 hampered by the fact that the small number of taxa with widened canals (Webb, 2014) are 103 largely inaccessible for study and/or are particularly difficult to rear in the laboratory. The 104 speciose and diverse cichlid fishes provide an important opportunity to test a hypothesis ofits lateral line system to detect water flows generated by benthic invertebrate prey living in sandy 115
substrates (Konings, 1990; Schwalbe, et al., 2012) . In this study, a comparison of the pattern and 116 timing of development of cranial lateral line canals and canal neuromasts in Labeotropheus 117 fuelleborni and Metriaclima zebra (narrow canals) with Aulonocara baenschi (widened canals) 118 were used to test the hypotheses that the evolution of widened canals is the result of 119 heterochrony. 120
121
MATERIALS AND METHODS
123
The three study species, Labeotropheus fuelleborni, Metriaclima zebra, and Aulonocara 124 baenschi (referred to by genus throughout), were reared at 27.8 O C with a 12:12 light cycle in a 125 multi-tank re-circulating system. For each species, one male was placed in a tank with 4-5 126 females to facilitate breeding and fish were fed 2x/day with commercial flake food. Fry were 127 extracted from the mouths of brooding females a few days after hatch and reared in small
Histological Analysis 136
Histological material was prepared from one brood each of Labeotropheus (n=9, 11-70 dpf, 137 7.5-21.5 mm SL), Metriaclima (n=9, 11-70 dpf, 8-23 mm SL), and Aulonocara (n=18, 5-53 dpf, 138 <5.0-23 mm SL; Fig. 1 ). Labeotropheus and Metriaclima >11 mm SL were decalcified in Cal-Ex 139 (Fisher) for 4 hours (11-12 mm SL), or overnight (>16 mm SL), then rinsed in phosphate buffer, 140 and placed for one hour each, in cold 5%, 10% and 20% sucrose solutions in PBS. Aulonocara 141 was decalcified for 2 hours (6.0-7.5 mm SL), 3.5 hours (8.0-8.5 mm SL) or 8 hours (>8.5 mm 142 SL). All fish were dehydrated in an ascending ethanol and t-butyl alcohol series and embedded in 143 Paraplast Plus (Fisher). Serial transverse sections were cut at 8 μm, mounted on slides subbed 144 with 10% albumen in 0.9% NaCl, and stained with a modification of the HBQ stain (Hall, 1986) 145 to accomplish differential staining of cell nuclei, cartilage and bone. The supraorbital (SO), 146 mandibular (MD), preopercular (PO) and infraorbital (IO) canals were easily observed in 147 histological sections. 148
The supraorbital (SO) and mandibular (MD) canals run rostro-caudally in the nasal and 149 frontal bones (dorsal surface of skull) and in the dentary and anguloarticular bones (lower jaw) 150
were particularly conducive to quantitative analysis histological material (also see Tarby andthe head in each specimen revealed canal neuromast location, and names (SO1-5, MD1-5) were 153 assigned based on their location. Then, the pattern and timing of the development of the canal 154 segments forming around each canal neuromast were assessed using the developmental stages 155 defined for Amatitlania nigrofasciata (=Archocentrus nigrofasciatus, Stages I-IV; Tarby and 156 . 157
A quantitative analysis of the rate of neuromast growth (length and width of SO1-5, MD1-5) 158
and increase in canal diameter (at the level of each canal neuromast) was carried out for the SO 159 and MD canals in larvae and juveniles (5-25 mm) of all three species. This allowed a test of the 160 hypothesis that heterochronic changes in the rates of increase in neuromast size (length, width) 161 and canal diameter among species can explain the evolution of a widened lateral line canal 162 system from a narrow lateral line canal system. In addition, a comparison of canal and 163 neuromast development in the SO and MD canals in the three species was used to determine if 164 there is evidence for regional (or local) heterochrony between the MD and SO canals. It was 165 predicted that the MD canal would be wider, which would be consistent with the notion that the 166 MD is an adaptation, in particular, for detection of benthic prey in Aulonocara (Schwalbe, et al., 167 2012) . 168 could not be measured until canal morphogenesis had commenced, so canal diameter was 177 determined only in those canal segments that were already at Stage II-IV. Canal diameter is 178 known to fluctuate such that canal diameter tends to be larger between neuromast positions than 179 at neuromast positions along the canal, especially in some (but not all) species with widened 180 canals (Webb, 2014) . Thus, by measuring diameter at the level of each neuromast, comparisons 181 among species with narrow and widened canals are more consistent and provide a conservative 182 measure of interspecific differences in canal diameter. 
RESULTS
223
The timing of major developmental events was similar in all three species. Hatching occured 224 at <7 days post-fertilization (dpf, at <5 mm TL) and newly hatched fry had a large ovoid yolk sac 225 (Fig. 2) . Caudal fin flexion started quickly, just a few days post-hatch, and was complete at 7-8 226 dpf (<7.5 mm SL) in Labeotropheus and Metriaclima and a few days later in Aulonocara (11 227 dpf, ~7 mm SL). In all three species, the yolk sac was not absorbed until well after flexion was 228 complete, at 18-21 dpf 11 dpf (7-8 mm SL; Fig. 4A, C) . Within a day (at 12 dpf), the SO and MD canals started to 264 enclose (Stage III). Several days later (17-18 dpf, 11-12 mm SL), the PO and MD canals werebut not the remainder of the IO canal contained within in the infraorbital ossicles) was enclosed 267 (Fig. 4C, D) . Within two days (19-20 dpf, 12 mm SL, when fish are normally ready to be 268 released from the mother's mouth), some or all of the segments that compose each of the canals, 269 with the exception of the portion of the IO canal in the infraorbital ossicles caudal to the lacrimal 270 bone, had enclosed and ossification (Stage IV) had started (Fig. 5A, B) . After several weeks (by 271 42 dpf, 16 mm SL), the SO, MD and PO canals had all ossified (Stage IV), and the IO canal 272 segments in the infraorbital ossicles were finally enclosed (Stage III). SEM illustrated the pores 273 in one juvenile at 56 dpf (~19 mm SL) in which the pores of adjacent canal segments that 274 compose the IO canal had still not fused, leaving double pores (Fig. 5E ) and at 70 dpf (~23 mm 275 SL) the double pores had fused to form the single pores characteristic of adult fishes (Fig. 5F) . 276
The timing of canal morphogenesis in Metriaclima appears to be similar to that in 277
Labeotropheus. The SO, MD and PO grooves (Stage II) were apparent in young larvae just after 278 flexion was complete (~11 dpf, 7-8 mm SL), and most or all of the SO and MD canal segments 279 were enclosed (Stage III) about a week later (17-20 dpf; 11 mm SL). By 20-22 dpf (11-12 mm 280 SL), the portion of the IO canal in the lacrimal (containing three canal neuromasts) was enclosed, 281 but the enclosure of the remainder of the IO canal (in the infraorbital ossicles) was delayed for 282 many weeks (Fig. 4C, 6E, F) . The SO and MD canal segments were all ossified (Stage IV) in 283 juveniles between 42 and 56 dpf (~19-20 mm SL). 284
In Aulonocara, SO grooves (Stage II) were present a bit earlier (at 8 dpf, ~5 mm SL) and 285 some MD grooves were already present at 11 dpf (~7 mm SL) as in Labeotropheus and 286
Metriaclima. Enclosure of the SO and MD canals (Stage III) started in slightly older individuals 287 (15-17 dpf, 9-11 mm SL) than in Labeotropheus and Metriaclima, as yolk absorption had begun.lacrimal bone were enclosed and had begun to ossify (Stage IV); the SO and MD canals were 290 ossified several weeks later (47 dpf; 21-22 mm SL). 291
The onset of canal enclosure (Stage III) and canal ossification (Stage IV) in the SO and MD 292 canals showed some interesting contrasts between the species with narrow canals 293 (Labeotropheus and Metriaclima) and widened canals (Aulonocara). First enclosure in the SO 294 canal occurred by 11-12 dpf in Labeotropheus and Metriaclima, but occurred over a longer 295 interval (11 to 15 dpf) in Aulonocara. First ossification in the SO canal occurred between 12 and 296 17 dpf in Labeotropheus and Metriaclima, and a few days later (17 to 20 dpf) in Aulonocara. 297
Similarly, first enclosure in the MD canal occurred by ~11-12 dpf in Labeotropheus and 298
Metriaclima, and a few days later (15 to 17 dpf) in Aulonocara. First ossification in the MD 299 canal occured at 12 to 17 dpf in Labeotropheus and Metriaclima, but several days later (23 to 26 300 dpf) in Aulonocara. 301 302
Order and Timing of Development of Segments within Canals 303
Asynchrony in development was obvious among canal segments within a canal, but a 304 particular canal segment was not observed at all four of the developmental stages (I-IV) in 305 different individuals due to the rapid progression of canal development and the size and age of 306 individuals available for analysis. Thus, mean fish size at first canal enclosure (Stage III) and 307 canal ossification (Stage IV) for each canal segment was used to approximate the relative order 308 and timing of the development of canal segments within the SO and MD canals (Table 1) . 309
The development of the segments of the SO and MD canals did not occur in a simple rostro-310 caudal (or caudo-rostral) direction within a canal. Nevertheless, a consideration of the mean fishrevealed trends that allowed some generalizations to be made (see Table 1 ). In the SO canal, the 313 SO4 canal segment appeared to be the first to enclose (at ~8-9 mm SL) and the first to ossify in 314 all three species. The other segments then enclosed in a roughly caudal to rostral direction, with 315 the more caudal segments (SO3-5) tending to enclose before the more rostral segments (SO1-3) . 316
Subsequent ossification occurred in roughly the same order among segments. The order and 317 timing of the enclosure and ossification of individual canal segments appears to be a bit different 318 in the MD canal. The MD2 segment tended to enclose first in Labeotropheus, but the MD3 319 segment tended to enclose first in Metriaclima and Aulonocara. The order of ossification did not 320 reveal any particular pattern in Labeotropheus, but in Metriaclima and Aulonocara, the more 321 caudal segments (MD3-5) enclosed before the more rostral segments (MD1-2). 322
323
Canal Diameter at Enclosure and Ossification 324
Canal diameter could be measured as soon as a neuromast had sunk into a depression or 325 groove (Stage II, Fig. 6B, G) . Canal diameter continued to increase as bone ossified to form the 326 canal walls (Fig. 6C, H) , as the canal enclosed (Stage III, Fig. 6D, I ), and as the canal roof 327 ossified (Stage IV; Fig. 6E, J) . The minimum canal diameters for each SO and MD canal 328 segment at first enclosure (Stage III) and ossification (Stage IV) provided insights into the 329 functional implications of canal growth during larval and juvenile development (Table 1) . In 330
Labeotropheus and Metriaclima (narrow canals) the SO and MD canal segments were first 331 enclosed at diameters of at least ~65 and ~95 µm, respectively, but in Aulonocara (widened 332 canals) they enclosed at diameters of at least ~70 and ~115 µm, respectively. Thus, the MD 333 canal segments tended to enclose at larger diameters than those of the SO canal in all threecases, 60 µm greater than the diameters at which enclosure was observed in a particular MD 337 canal segment. The minimum diameter at which the five MD segments ossified was 83-109 µm 338
in
Quantitative Analysis of Neuromast and Canal Development 343
An ANCOVA (SO and MD canal data combined) revealed that rates of increase in canal 344 diameter and neuromast size (length, width) varied significantly among species (Fig. 7, Table 2 ). 345
However, significant interactions (species x fish size) were found for neuromast size (length and 346 width) and canal diameter, so the Johnson-Neyman technique (White, 2003) was used to 347 determine the range of fish sizes in which each parameter was not statistically different (between 348 species pairs), and thus by extension when it was statistically different (P<0.05). 349
The ontogenetic rate of increase in canal diameter was not statistically different (equal 350 slopes) in Labeotropheus and Metriaclima, but canal diameters were consistently larger in 351 Metriaclima ( Table 2 ). The rate of increase in canal diameter in Aulonocara was 1.5 and 1.9 352 times that in Labeotropheus or Metriaclima, respectively ( Fig. 7A; Table 2, 3) . As a result, canal 353 diameter was already significantly larger in Aulonocara than in either Labeotropheus or 354
Metriaclima larvae at lengths >4.5 and >7.8 mm SL, respectively. 355
Similarly, the ontogenetic rate of increase in neuromast length was not statistically different 356
in Labeotropheus and Metriaclima, but neuromasts were consistently longer in Labeotropheusincrease in neuromast width was not statistically different in Labeotropheus and Metriaclima, 362 but neuromast width was consistently greater in Metriaclima (Fig. 7C) . Neuromast width in 363
Aulonocara increased at a rate 2.2 or 1.6 times that in Labeotropheus or Metriaclima, 364 respectively (Table 2 ) and was significantly greater in Aulonocara larvae than in either 365
Labeotropheus or Metriaclima larvae at lengths >8.3 and >7.6 mm SL, respectively. 366
Another ANCOVA revealed differences in rates of increase in canal diameter and neuromast 367 size (length, width) in the supraorbital (SO) versus the mandibular (MD) canal in the three study 368 species (Table 4 , 5). In Labeotropheus, canal diameter and neuromast length increased at rates 369 that were not statistically different in the SO and MD canals, but SO canals were wider and SO 370 neuromasts were longer than the MD canal and MD canal neuromasts (Table 4 ). The rate of 371 increase in neuromast width was 1.8 times greater in the SO canal than in the MD canal (Table  372 5), such that neuromasts were significantly wider in the SO canal than in the MD canal in larvae 373 >9.7 mm SL. In Metriaclima, neuromast length in the two canals increased at rates that were not 374 statistically different (Table 4) , but neuromasts were consistently longer in the SO canal. The 375 rates of increase of neuromast width and canal diameter were greater in the SO canal in 376
Metriaclima by a factor of 2.1 and 1.6, respectively ( Table 5 ), such that SO neuromast width was 377 significantly greater in larvae >16.0 mm SL, and SO canal diameter was significantly greater in 378 larvae >14.1 mm SL. In Aulonocara, canal diameter and both neuromast length and width all 379 increase faster in the SO canal than in the MD canal (Table 4) , which was unexpected. Canalcan be attributed to regional (local) heterochrony. 386
387
DISCUSSION
388
This study has provided the first detailed description of the development of widened lateral 389 line canals in a teleost, and the first detailed comparison of the development of narrow and 390 widened canals. It has shown that: 1) canal neuromast number and the pattern of canal 391 morphogenesis are conserved, regardless of adult canal morphology, 2) the evolution of widened 392 canals from narrow canals can occur via dissociated heterochrony (a combination of peramorphic 393 and paedomorphic trends) and regional (local) heterochrony in canal diameter and neuromast 394 size between canals accounts for variation among canals within a species, and 3) the morphology 395 of the lateral line canals and the dermal bones in which they are found (e.g., the mandibular canal 396 contained within the dentary and anguloarticular bones of the mandible) can evolve 397 independently of each other. 398 399
Pattern and timing of development in narrow versus widened canals 400
The three study species (Labeotropheus fuelleborni, Metriaclima zebra, Aulonocara 401 baenschi) had the same complement of canal neuromasts in the SO and MD canals. This is 402 evidence of a conserved process of neuromast patterning that is independent of the subsequentdevelopment of the lateral line canals. In addition, the same pattern of development was 404 observed in the three study species and occurs in four stages as described in a South American 405 cichlid with narrow canals (Amatitlania nigrofasciata = Archocentrus nigrofasciatus; Tarby and 406 , and an unrelated teleost, the zebrafish, Danio rerio (Webb and Shirey, 2003) . This morphology is predicted to facilitate detection of prey at the water's surface in their native 422
habitat, as has been demonstrated in killifish (Schwarz, et al., 2011) . 423
The quantitative ontogenetic analysis presented here has demonstrated that canal diameter 424 and neuromast size are initially similar among the three study species, but that significantly 425 different rates of increase in these parameters result in the development of narrow canals(Labeotropheus and Metriaclima) versus widened canals (Aulonocara). In addition, the process 427 of canal enclosure in the SO and MD canals commences a bit later and the process is a bit more 428 prolonged (over a longer growth interval) and occurs at larger canal diameters in Aulonocara in 429 contrast to the narrow canals of Labeotropheus and Metriaclima. Nevertheless, by the time 430 larvae are normally released from the mother's mouth (~ 21 dpf; 11-12 mm SL), canal diameter 431 (Fig. 4e, j) and neuromast length and width already distinguish Aulonocara (widened canals) 432 from Labeotropheus and Metriaclima (narrow canals). 433
Interspecific differences in lateral line morphology are correlated with differences in feeding 434 habit. Labeotropheus feeds on filamentous algae from rocks and Metriaclima brushes loose 435 plant matter from algae beds, but also plucks plankton from the water column (Albertson and  436 Kocher, 2006), and it is likely that the lateral line system is not critical for feeding in these taxa. 437
However, Aulonocara stuartgranti uses its widened lateral line canal system to detect benthic 438 invertebrate prey as it swims and glides over sandy substrates (Schwalbe et al., 2012) . Its 439 feeding behavior suggests that the MD canal, lower arm of the PO canal, and perhaps the portion 440 of the IO canal ventral to the orbit (whose pores are obvious in ventral view, Fig. 3 ) are critical 441 for prey detection. Surprisingly, the SO canal increases in diameter faster than the MD canal 442 such that the SO canal is wider in diameter and its canal neuromasts are longer and wider than 443 those in the MD canal in all three study species, regardless of canal morphology. Thus, the 444 prediction that canal diameter and neuromast size in the MD canal would be greater than in the 445 SO canal as the result of adaptive function for benthic prey detection was not borne out. 446
Nevertheless, in Aulonocara, the MD canal enclosed and was ossified at diameters >100 µm and 447 canal diameter and was already larger than in Labeotropheus or Metriaclima in early larvae 448 (lengths >7.8 mm SL), such that the widened MD canal becomes morphologicallydistinguishable from the narrow MD canal well before feeding commences. The timing of the 450 onset of lateral line-mediated feeding behavior (as described in adults, Schwalbe et al., 2012) is 451 not yet known, but it is predicted that it will be dependent on the development of their typical 452 prey search strategy (three phase cycle: swim, glide, pause) as well as favorable hydrodynamic 453
properties of the lateral line canals that will allow stimulation of canal neuromasts by the water 454 flows generated by prey. 455
It is concluded that the evolution of widened canals and their larger canal neuromasts are the 456 result of dissociated heterochrony. High rates of increase in canal diameter and neuromast size 457 are interpreted as peramorphic trends and the delay of SO and MD canal enclosure and the 458 prolonged duration of this process in Aulonocara in contrast to Labeotropheus and Metriaclima 459 are interpreted to be paedomorphic trends. In addition, the initial process of canal roof 460 ossification and fusion of adjacent canal segments to form a common pore is followed by a 461 decrease in pore size in Labeotropheus (Fig. 5C, D and Fig. 5E, F) , a process noted by Allis 462 (1889) in Amia calva. Thus, the evolution of large canal pores characteristic of widened canals 463 (Webb, 1989b) If the mandible can respond to directional selection with respect to feeding while the MD 486 canal does not change in diameter, then it follows that the morphology of the MD canal could 487 evolve independently of lower jaw morphology in response to selection for modified water flow 488 detection. For example, the morphology of the lower jaw of Aulonocara spp. (Fig. 3a, b) appears 489 to be similar to that in Metriaclima, but this study has shown that while neuromast patterning 490 (number of canal neuromasts) does not differ between these two taxa, canal width and neuromast 491 size diverge in larval Aulonocara and Metriaclima, to become the widened and narrow lateral 492 line canals characteristic of juveniles and adults (Fig. 6E, J) . The evolution of widened canals 493 from narrow canals for the enhancement of prey detection capabilities may also have impacts on 494 lower jaw function. Examination of dried skeletons revealed that the mandible of Aulonocaraof the canal roof resulting in their characteristically large pores, but the consequences of these 497 features for feeding mechanics have not been considered. A consideration of the lateral line 498 canals as components of the dermatocranial bones, with functional roles (e.g., ventrally directed 499 canals in benthic feeders) or more subtle architectural or constructional roles (e.g., the dorsal SO 500 canal in the frontal bone), is an aspect of the analysis of the integration and modularity in the 501 skull of fishes that deserves more attention. 502
503
Summary
504
This study has demonstrated that simple, correlated changes in developmental rates 505 (heterochrony) in the lateral line canals contained within dermal bones (a component of the 506 dermatocranium) and in canal neuromasts (a component of the peripheral nervous system) can 507 explain the evolution of an adaptive phenotype, widened lateral line canals. In particular, it 508 revealed "dissociated heterochrony" among species with narrow vs. widened canals (a 509 combination of peramorphic and paedomorphic shifts), as well as regional (local) heterochrony, 510 differences in rates between canals (and between their respective neuromasts) within individuals. 511
The genetic basis of these changes deserve further study and will need to consider the processes 512 of intramembranous bone ossification and dynamics of hair cell populations in neuromasts. This 513 study also demonstrated that heterochronic change in canal diameter and neuromast morphology 514 can occur without a change in other aspects of lateral line development (e.g., neuromast 515 patterning [canal neuromast number] or the pattern/process of neuromast-centered canal 516 morphogenesis). With reference to the life history of the mouth brooding cichlid fishes used in 517 this study, the divergence in canal phenotype (narrow vs. widened) has already occurred inyoung larvae, so that by the time they are released from the mother's mouth and exogenous 519 feeding commences, canal diameter and neuromast size already distinguish Aulonocara 520 (widened canals) from Labeotropheus and Metriaclima (narrow canals), which is likely to have 521 interesting implication for the ontogeny of prey detection capabilities. Finally, the ability of the 522 lower jaw to evolve independently of lateral line canal morphology (Labeotropheus vs. 
